The Hanjiang River Basin serves as the water source for the Middle Route South-to-North Water Delivery Project. Droughts are not uncommon in this region and have affected the water supply directly. This study is designed to gain more in-depth knowledge of spatial and temporal drought the Hanjiang River Basin did not significantly decrease; droughts considered moderate or worse occurred most frequently in autumn and winter, but most rarely in summer; the cumulative probability of moderate to severe droughts was highest in October and December. Drought conditions in the upstream region varied in a fluctuating way. The upstream region has become increasingly wet since the turn of the 21st century, while the downstream region has become increasingly dry since the 1990s. The probability of synchronous droughts both upstream and downstream was only 9.8%.
INTRODUCTION
Drought is an agricultural disaster characterized by decreased precipitation over a long period of time. Drought can lead to dry air and a deficiency in soil moisture, which can and has severely affected the growth and development of crops.
They also generally have wide damage areas, long durations and significantly delayed effects (Ye et al. ; Dai ) . In addition to the deterioration of the ecological environment, droughts can trigger secondary disasters and even affect social and economic activities in drought zones Standardized Precipitation Index (SPI) < -0.5. For all of these reasons, droughts are considered a negative factor that restricts substantial development in affected regions (Zhang et al. ) . Sheffield et al. () pointed out that there has been little change in global droughts over the past 60 years; however, the intensity and frequency of future droughts are expected to increase as global warming causes less precipitation and more evaporation. Therefore, it is of great significance to study the characteristics of drought evolution and strengthen management strategy of drought disaster and risk under the background of climatic warming.
Since the 20th century, many methods of quantitative study on droughts have been put forward. These methods can be divided into two categories: one of them being based on the drought mechanism. This method improves the accuracy of drought intensity and the duration by reflecting the physical processes involved in the drought, such as soil moisture evaporation, surface runoff and surface water recharge, and is represented by the Palmer Drought Index (PDSI) (Palmer ) . The other category is based on the meteorological indicators that lead to drought. This method reflects PDSI is based on the drought mechanism, which mainly reflects the condition of soil drought. It can monitor the change of soil moisture and runoff. However, the calculation of this index is hard to ascertain, and the process parameters are only taken from small areas. The calculation of the Z-index is not only related to precipitation, but also to the temporal and spatial distribution of precipitation, and the calculation of the Z-index involved in the parameters such as skewness coefficient and standard variable complicated the calculation process. Therefore, the difference in precipitation between different regions or different seasons leads to the difference in the use of the Z-index (Yuan & Zhou ) . SPEI is based on the differences between precipitation and evapotranspiration. This method not only has the characteristics of being sensitive to temperatures, but also has the advantages of being multi-scale. However, this method is not mature, and different evapotranspiration models have different or even reverse effects on the trend of SPEI (Li et al. ) .
SPI represents the probability of precipitation in a certain period and can show the severity of the drought degree and its duration in a given region. Currently, SPI is widely applied in the areas of drought monitoring and evaluation. SPI has two main advantages in the evaluation of drought conditions (Shah et al. ) . First, the calculation can be performed using only precipitation data, and SPI is dimensionless and standardized; therefore, SPI-based evaluations are relatively simple to perform. Second, SPI covers multi-time scales. In other words, in addition to reflecting the precipitation variation over a short period of time, SPI can also reflect the evolution of water resources over a long time period. Compared with Z-index, in the calculation process of SPI, the parameters related to the temporal and spatial distribution of precipitation were not involved, which reduced the temporal and spatial variation of index values. Compared with SPEI, SPI is more mature. Therefore, SPI is more widely used among the methods of drought analysis.
The Hanjiang River Basin plays a pivotal role in China's middle-west economic exchange and its south-north communication and transportation networks. In terms of economic impact, this region occupies an important position in the Yangtze River Basin, and the agricultural production in this region represents a major contribution to the whole nation of China. Due to climatic and topographic effects, the Hanjiang River Basin shows obvious sensitivity to the climatic environment, and thus is characterized by complex spatial and temporal precipitation distributions and frequently-occurring droughts (Pan et al. Ren et al. ) . Additionally, the Hanjiang River serves as the water source for the Middle Route South-toNorth Water Diversion Project, which is a strategic project for alleviating the severe water shortage in northern China. Since the 1990s, as climate change has worsened, the precipitation in this region has been abnormal (IPCC ) and droughts have frequently occurred along the middle and lower reaches of the Hanjiang River. In particular, nearly the entire Hanjiang River Basin has suffered from successive years of great drought, which have had enormous impacts on this region's ecological environment, rational water resource allocation and water supply. This has, therefore, directly affected the river water supply as well as the system of water transfer and distribution in the Hanjiang River Basin (Kirby et al. ) . Drought has become one of the most important factors that leads to hydrological risks in the middle-line water source areas.
;
In consideration of the climatic diversity in the Hanjiang River Basin and the importance of this region to China, many scholars have conducted a great deal of research regarding hydrological conditions, water resources and sustainable development in this region (Huang ; Gao & Gao ; Zeng et al. ) . Researchers generally agree that precipitation has continually decreased along the north section of the Hanjiang River and droughts have become increasingly severe. As a result of these changes, the ecological environment surrounding Hanjiang River has experienced continuous deterioration. Recently, researchers have emphasized climatic changes in the Hanjiang River Basin and carried out a series of studies on the analysis and prediction of precipitation and temperature variation characteristics (Li et al. ) , runoff variation and the related simulations (Chen et al. ) and the distribution of extreme hydrological events (Xia et al. ) ; however, the variation of spatial and temporal drought distribution has not yet been adequately examined (Yang et al. ) . 
MATERIAL AND METHODS

Study area
Originating from the southern foothills of the Qinling 
Research data
The precipitation data comes from the China Meteorologi- 
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These values are used in the calculation of SPI, and these values are constants that do not vary with the region.
can be calculated by the integration of the probability density of the Γ distribution function:
where α, γ and β are the shape and scale parameters of the Γ distribution function. Specifically, α, γ and β can be written as:
When the annual and seasonal SPIs have been calculated, the drought-flood grades can be classified according to Classification of Meteorological Drought (GB/T 20481-2006) ( Table 2 ).
Drought evaluation index
Two indexes were introduced to better characterize the drought degree, occurrence probability of drought and climate tendency rate.
(1) Drought probability, denoted as P i , was used to evaluate how often droughts occurred in the data-recording years (Shah et al. ) . P i can be calculated by:
where N denotes the total number of months with meteorological data recording, n denotes the number of months with drought, and the subscript i was used to distinguish different stations. The probability of droughts of different degrees was then calculated by the number of drought-occurring years.
(2) The climate tendency rate, also known as the variation tendency rate, generally refers to the slope of the fitted line that describes the variation process of a climatic element over the years. The climate tendency rate can be used to characterize the variation tendency degree of long-term meteorological data (Yang ) . If the climate tendency rate is positive, the climatic element increases with time; if the climate tendency rate is negative, the element decreases.
Assuming that x i denotes a certain climatic variable including n samples and t i denotes the corresponding recording time, a linear regression equation between x i and t i was then constructed as follows:
where a and b are two regression coefficients. Coefficients a and b can be estimated using the least square method. Coefficient b is then referred to as the tendency ratio of this climatic element.
RESULTS AND DISCUSSION
Variation of precipitation
The precipitation in the entire Hanjiang River Basin was 
The emergence of extreme weather has led to the greater rainfall in the Hanjiang River Basin. The two months with the highest average precipitation were July and August.
Temporal variation characteristics of drought
SPI variations at different time scales
In order to analyze the SPI variation of the entire Hanjiang River Basin, the SPI values were calculated at time scales of two, three, six and 12 months in this study. These time scales were named SPI1, SPI3, SPI6 and SPI12, respectively. To examine the overall SPI variation in this region, the calculated SPIs of these five meteorological stations were averaged for further analysis (Wang et al. b) . Of the drought classifications, moderate drought (SPI < -1) was the most common, with 0.8 occurrences per year. Severe droughts (SPI < -1.5), however, occurred on average once every three years with a short duration.
These severe droughts began to occur more frequently after 1990, increasing to an average frequency of 2.5 years.
SPI3 reflects the variation of drought characteristics over a short period of time. Compared with SPI1, SPI3 is less affected by precipitation variation and focuses more on the drought-flood variations over the course of a given year. SPI3 can accurately represent water surplus and deficit conditions over a short period of time, and therefore it is well suited for agricultural drought research (Wang et al. b) . Using SPI3, it can be observed that moderate droughts (SPI < -1) occurred approximately once every 0.9 years, with most of these occurrences happening in winter and autumn, and severe droughts (SPI < -1.5) occurring at an average frequency of approximately 3.5 years. By contrast with the results of SPI1, more severe droughts began to occur more frequently after 1990, and from 1990 to 2010 they occurred nearly once every year.
From the temporal distribution chart, it can be observed that SPI6 is only slightly affected by any one rainfall event and would only fluctuate after continuous precipitation.
Compared with the SPI1 and SPI3 results, the SPI6 variation results demonstrate less frequently-occurring but longer-lasting droughts; severe droughts (SPI < -1.5) occurred once every three years (the same as in SPI1 : 1966, 1978, 1998, 1999, 2001 Basin, which were in 1961-1962, 1965-1966, 1976-1978, 1994-1995 and 2001-2002 As shown in Figure 5 , extremely severe droughts were generally rare and only appeared in January, April and November, with an average occurrence probability of 1.96%. Severe droughts rarely occurred in June-September, but most frequently occurred in October, with an occurrence probability of 5.88%, and occurred in the other months at almost identical probabilities of 2-3.9%. Moderate droughts occurred more frequently in February, September, October and December, with probabilities of 7.8-18.73%, but occurred uniformly in the other months, with probabilities of 2-3.9%. Light droughts show quite different occurrence probabilities, with a range of 9.8-25%
among different months. These light droughts most frequently occurred during the months of May, June and July.
Overall, in the Hanjiang River Basin, the occurrence probability of moderate droughts and above was highest in
October and December but lowest in June and July, with an average occurrence value of approximately 1.96-3.92%.
As shown in Figure 6 , extremely severe droughts were generally rare, with an occurrence probability range of 0-0.65%. Severe droughts were least probable in summer (0.65%) but most probable in spring and autumn (3.27%).
Moderate droughts occurred the least in the summer, with an occurrence probability of 4.58%, and occurred almost equally in spring, autumn and winter, with a probability range of 7.19-7.84%. Light droughts occurred most frequently in the summer, with occurrence probabilities reaching 22.3%, but the probability of light drought was still high in spring and autumn, in the range of 14-15.3%. Overall, moderate and above droughts most frequently occurred in autumn and winter in the Hanjiang River Basin, with an occurrence probability range of 11.1-11.76%, but these droughts occurred less frequently in the summer, with an average probability of 5.23%.
Analysis of causes and effects on water transfer
The frequency of droughts in the Hanjiang River Basin can be considered a result of both natural and human factors ( In order to further analyze the SPI variations in the various periods both upstream and downstream of the dam, a tendency rate was introduced, which was defined as the slope of the fitted line of SPI variation with time. Generally, the tendency rate is used to characterize the tendency degree of the variation of a given SPI series. A positive tendency rate suggests that as the SPI increases with time, the region becomes increasingly wetter; a negative tendency rate suggests that as the SPI decreases with time, the region becomes increasingly drier. Overall, the SPI in the Hanjiang River Basin showed no significant decrease, and the region tended to be increasingly dry. When the time scale of the calculated SPI was increased, the SPI was less affected by any one rainfall event. In fact, SPI at a greater time scale showed less randomness and was more stable.
The cumulative probability of drought in the Hanjiang River basin exceeded 60%. Specifically, the cumulative probability of light drought ranged from 12.7 to 25%, while the probability of moderate drought and above ranged from 4.5 to 10.9%. Between 1960 and 1990 , droughts that were moderate or worse occurred approximately every 10 years. However, after 1990, these serious droughts became more frequent. In regard to the seasonal differences, moderate and more severe droughts occurred most often in the autumn and winter. In terms of monthly differences, moderate and more severe droughts occurred most frequently in October and February and least in the months of June and July.
Gradual drying in the Hanjiang River Basin can be attributed to the decline in precipitation and the warming climate. Therefore, hydrological safety and drought conditions should be fully considered with respect to water transport, and countermeasures for coping with the adverse effects induced by global warming should be prepared in advance. In addition, the protection of this water source should be strengthened. There are still some shortcomings in this study; for example, the number of meteorological stations and time span that could be selected is limited, making the data that was selected for analysis not sufficient. However, there are improvements that could be made to this study for future research. The drought variation in water-receiving regions will need to be investigated in addition to water supply regions. This will help to achieve rational utilization of water resources and a maximizing of the benefits of the South-to-North Water Delivery Project.
SPI is simple and easy to obtain, and its calculation principle also guarantees the stability and standardization in different regions and time scales, which can effectively reflect the spatial and temporal changes of droughts. However, SPI is established on the basis of long time series, whereas the monthly values reflect the average level in the same period. As a result, SPI values in the dry season may be higher than in the rainy season. In addition, the influence of temperature and evaporation is not considered in the process of SPI calculation. However, under the background of global warming, the influence of these two factors on drought is more and more obvious (Li et al. ) . Therefore, it is necessary to further study the spatial and temporal change of droughts in the Hanjiang River Basin by combining the factors of temperature and evaporation.
The meteorological stations selected for this study were limited, so it cannot accurately describe the spatial and temporal characteristics of droughts in the Hanjiang River Basin.
However, the drought evaluation model combined with meteorological and hydrological drought indicators (Sun et al. ) , such as the Markov chain model, can analyze the probability, recurrence period and diachronic of the grade of drought. This can be used to predict the probability of droughts, which can help to understand droughts in the region.
